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ABSTRACT
We report the first high-significance GeV gamma-ray detections of supernova remnants
HESS J1731−347 and SN 1006, both of which have been previously detected by imaging at-
mospheric Cherenkov Telescopes above 1 TeV. Using 8 years of Fermi-LAT Pass 8 data at energies
between 1 GeV and 2 TeV, we detect emission at the position of HESS J1731−347 with a significance
of ∼ 5σ and a spectral index of Γ = 1.66 ± 0.16stat ± 0.12syst. The hardness of the index and
the good connection with the TeV spectrum of HESS J1731−347 support an association between
the two sources. We also confirm the detection of SN 1006 at ∼ 6σ with a spectral index of
Γ = 1.79± 0.17stat ± 0.27syst. The northeast (NE) and southwest (SW) limbs of SN 1006 were also fit
separately, resulting in the detection of the NE region (Γ = 1.47± 0.26stat) and the non-detection of
the SW region. The significance of different spectral components for the two limbs is 3.6σ, providing
first indications of an asymmetry in the GeV γ-ray emission.
Subject headings: HESS J1731-347 – SN 1006 – acceleration of particles – ISM: supernova remnants
1. INTRODUCTION
With the detection of X-ray synchrotron emission com-
ing from the shock wave of SN 1006, Koyama et al.
(1995) proved that supernova remnants (SNR) were able
to accelerate electrons (and probably protons as well) up
to a few hundred TeV. Since then, SNRs radiating syn-
chrotron X-rays have been closely studied as potential
cosmic-ray (CR) accelerators. Another evidence of par-
ticle acceleration is the presence of γ rays induced by
the inverse Compton scattering of relativistic electrons
on ambient photon fields (leptonic scenario) or the decay
of neutral pions produced by proton-proton interactions
(hadronic scenario). The current generation of imag-
ing atmospheric Cherenkov telescopes such as H.E.S.S.,
MAGIC and VERITAS, has measured very-high energy
γ-rays (0.3−10 TeV) coming from several SNRs detected
in X-rays, confirming the presence of ultra-relativistic
particles.
In the early 2000’s, the CANGAROO collaboration
reported the first TeV detection of RX J1713.7−3946
(Muraishi et al. 2000; Enomoto et al. 2002) and
RX J0852.0−4622 (Katagiri et al. 2005). The
H.E.S.S. experiment later confirmed those two de-
tections (Aharonian et al. 2004, 2005b) and revealed
that γ-ray emission was also coming from RCW 86
(Aharonian et al. 2009), SN 1006 (Acero et al. 2010)
and HESS J1731−347 (Aharonian et al. 2008). The
latter was discovered during the first H.E.S.S. Galactic
Plane Survey (Aharonian et al. 2005a, 2006) and had
no known counterpart. Their large structures allow
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detection of γ rays coming from the shock wave itself.
They constitute a type of SNR of great interest: TeV
shell-type remnants. Their common characteristics are a
young age (less than a few thousand years old), a large
angular size (RSNR > 0.
◦25) and TeV emission highly
correlated with X-ray synchrotron emission.
However, the TeV spectrum alone is not sufficient
to distinguish between a leptonic and hadronic sce-
nario. We need to study all these SNRs at GeV en-
ergies to characterize the shape of the spectrum in a
wide energy range and be able to identify the mecha-
nism of γ-ray production. Among the five TeV shell-
type remnants, three have already been detected and
carefully studied at GeV energies: RX J0852.0−4622
(Tanaka et al. 2011), RX J1713.7−3946 (Abdo et al.
2011; Federici et al. 2015) and RCW 86 (Ajello et al.
2016). However, HESS J1731−347 and SN 1006 re-
mained undetected, though a recent work reported first
evidence of γ-ray emission coming from the latter with
∼ 4σ significance (Xing et al. 2016).
In this paper we report on the first detection of
HESS J1731−347 and we confirm the detection of
SN 1006 at GeV energies with the Fermi Large Area
Telescope (LAT).
2. Fermi-LAT AND DATA REDUCTION
The Large Area Telescope on board the Fermi Gamma-
Ray Space Telescope (Fermi) mission is a γ-ray tele-
scope that detects photons by conversion into e+e− pairs
in the energy range from 20 MeV to greater than 300
GeV. A full description of the instrument can be found
in Atwood et al. (2009) and the in-flight performance in
Ackermann et al. (2012).
Both sources were studied in the same conditions (iden-
tical data selection and analysis methods). For this
work, we analyzed 8 years (August 4th 2008 − August
28th 2016) of LAT Pass 8 data (Atwood et al. 2013), se-
lecting photons with a reconstructed energy between 1
GeV and 2 TeV in order to lower the pollution from
2the Galactic diffuse background, which is crucial for
HESS J1731−347. We also rejected events with zenith
angle greater than 100◦ to reduce the contamination
from the Earth limb and applied the recommended cuts
(DATA QUAL)==1 && (LAT CONFIG)==1 to assure good
quality data. Moreover, time intervals when the Fermi
spacecraft was within the Southern Atlantic Anomaly
were excluded, as well as those when the Sun or the
Moon was crossing the region of interest. The version
v11r05p01 of the Fermi Science Tools was used with the
P8R2 SOURCE V6 Instrument Response Function (IRFs).
Two different tools were used: pointlike for the spa-
tial analysis and gtlike for the spectral analysis. The
first one is a code developed by members of the LAT
collaboration and optimized for the characterization of
extended sources (Kerr 2011). The second one is imple-
mented in the Fermi Science Tools and is the official tool
for Fermi-LAT analysis. Both are based on a maximum
likelihood method (Mattox et al. 1996).
3. ANALYSIS METHOD
The analysis was performed in a circular re-
gion of 7◦ around each source of interest (SOI),
HESS J1731−347 and SN 1006. The initial models
included sources from the Fermi-LAT Third Source
Catalog (Acero et al. 2015b, hereafter 3FGL) within
15◦, as well as the Galactic diffuse background
(gll iem v06.fits) and extragalactic isotropic back-
ground (iso P8R2 SOURCE V6 v06.txt). These back-
ground models are available on the FSSC website1 and
are described in details in Acero et al. (2016a). The
spectral parameters of sources located within 5◦ as well
as those of the Galactic (normalization and index) and
isotropic (normalization only) diffuse emissions were set
free.
To search for GeV counterparts to HESS J1731−347
and SN 1006, we first computed a 10◦× 10◦ Test Statis-
tic (TS) map, which is obtained by evaluating the TS
value (as described in Mattox et al. 1996) of a point
source with a fixed index of 2.0 in each pixel of the
map. Gamma-ray excesses with a TS higher than 25
were added to the model as new point sources. As shown
in Figure 1, the TS maps revealed γ-ray excesses at
the position of HESS J1731−347 and SN 1006. There-
fore, we performed a spatial analysis with pointlike
to characterize the shape of these excesses. The two
sources were modeled as point sources and uniform disks.
For these two geometrical models, the spatial parame-
ters were adjusted while fitting the spectrum (normal-
ization and index) simultaneously. In the case of an
extended source (e.g., a uniform disk), the significance
of the extension was quantified by computing the TSext
value (Lande et al. 2012) with pointlike. To compare
the morphology detected in the GeV range with the
one observed at higher energy by imaging atmospheric
Cherenkov Telescope, we also fit the LAT data with
templates derived from H.E.S.S. excess maps. The re-
sults of the spatial analysis performed with pointlike
were cross-checked with gtlike. For both sources, we
performed binned (pointlike) and unbinned (gtlike)
likelihood analyses in a region centered on the position
(l, b) = (353.◦49, −0.◦62) for HESS J1731−347 and (l, b)
1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
Fig. 1.— TS maps (1 GeV− 2 TeV) in Galactic coordinates show-
ing a 2◦ × 2◦ region centered on the position of HESS J1731−347
(top) and SN 1006 (bottom). In the upper panel, green diamonds
correspond to additional background sources while the black cross
and green circle correspond to the best-fit position (for E > 1 GeV)
of HESS J1731−347 as a point source and a uniform disk respec-
tively. The best uniform disk above 10 GeV is represented by the
green dashed circle. The TeV morphology of the shell is repre-
sented by the yellow contours and the yellow dashed circle shows
the position of HESS J1729−345. In the lower panel, the best-fit
position of SN 1006 as a point source and a uniform disk are repre-
sented by the black cross and circle, respectively. The green dashed
circle shows the result obtained with an initial disk matching the
TeV shape. Yellow and cyan contours correspond to H.E.S.S. and
XMM-Newton, respectively. No background sources were found in
the close vicinity of SN 1006.
= (327.◦63, +14.◦61) for SN 1006.
After having characterized the morphology, we studied
the spectra of the two SOIs, both modeled by a power
law. Their spectral parameters were fit between 1 GeV
and 2 TeV along with those of background sources lo-
cated within 5◦ around them. To compute the spectral
3energy distribution (SED), the 1 GeV − 2 TeV energy
range was divided into 4 logarithmically spaced bins and
we performed a fit of each of them with the spectral in-
dex of the SOI being fixed at 2.0. A spectral point was
kept for a TS > 3 and at least three photons associated
to the SOI in the considered bin. Otherwise, an upper
limit at 95% confidence level (C.L.) was derived using a
Bayesian method (Helene 1983).
For both the global fit and the SED, three types of
systematic errors were taken into account: the imperfect
modeling of the Galactic diffuse emission, uncertainties
in the effective area calibration and uncertainties in the
source shape. The first one was estimated by using alter-
native Interstellar Emission Models (IEMs) as described
in Acero et al. (2016b). For the second one, we used
modified IRFs whose effective areas bracket the nominal
ones (Ackermann et al. 2012). The last one was esti-
mated by taking into account the variation of the results
obtained when modeling the source with different spatial
shapes (a point source, a uniform disk and the H.E.S.S.
template). The total systematic error was obtained by
computing the quadratic sum of the three different er-
rors.
4. HESS J1731−347
4.1. Results
HESS J1731−347 is located in a complex region, close
to the Galactic plane and the Galactic center. In the
10◦ × 10◦ region, seventeen sources were detected with
a TS higher than 25 and thus added to the model. To
avoid any contamination, we also took into account an
excess (called ’S0’) with a TS of only 22 because of its
position, very close to the SOI. The upper panel of Fig-
ure 1 shows the 2◦× 2◦ TS map centered on the position
of HESS J1731−347. In this case, S0 was not included
in the model in order to show its corresponding γ-ray
emission. The TeV emission detected by H.E.S.S. in this
region is associated with two different sources: the shell-
type SNR HESS J1731−347 and an unidentified source
called HESS J1729−345 (H.E.S.S. Collaboration et al.
2011). Since we are studying the GeV counterpart
of HESS J1731−347, the template derived from the
H.E.S.S. excess map was restricted to the shell region,
the TeV emission towards HESS J1729−345 being re-
moved.
The γ-ray excess detected by Fermi-LAT was first fit
as a point source and then as a uniform disk. Their posi-
tions are represented in Figure 1 (top) by the black cross
and the green circle, respectively, and the precise value
of each parameter can be found in Table 1. In the case
of a uniform disk, we obtained a radius of 0.◦15 ± 0.◦04
and a TSext value of 3.0, indicating that the source is not
detected as extended. If the search for an extension of
the source is performed above 10 GeV, the analysis yield
a TSext of 7.2 and a larger radius (0.
◦21±0.◦03, see upper
panel of Figure 1). Although it is still not significant, it
indicates that the source is probably extended and that
we are only limited by the low statistics. This pattern
has been observed with other LAT sources that eventu-
ally proved to be extended after more years of observa-
tions. This has been the case of RCW 86, first detected
as a point source in Yuan et al. (2014) and then as an
extended source in Ajello et al. (2016).
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Fig. 2.— Spectral Energy Distribution for HESS J1731−347
(top) and SN 1006 (bottom). In both panel, blue points correspond
to the Fermi-LAT data and blue shaded areas represent the 68%
confidence band of the Fermi-LAT spectral fit (statistical errors).
Red error bars are the quadratic sum of statistical and systematic
errors. In the upper panel, the variation of the upper limit with
alternative IEMs is represented by the red rectangle that surrounds
it and the green triangles represent the H.E.S.S. data points. In
the lower panel, the green shaded area corresponds to the power-
law fit of the H.E.S.S. data, taking into account statistical errors.
After having determined the best spatial parameters
of the geometrical models, we performed unbinned like-
lihood analysis with gtlike for various morphologies.
The fit between 1 GeV and 2 TeV yields a TS value of
25.2, 31.5 and 25.1 for the point source, the disk and the
H.E.S.S. template, respectively. The γ-ray excess found
by Fermi-LAT at the position of HESS J1731−347 is
therefore significant, whatever the assumed shape. Us-
ing alternative diffuse emission models also resulted in
TS > 25. Regarding the spectral index, the fit yields
Γ = 1.87, Γ = 1.71 and Γ = 1.66 respectively, with an
error of ±0.16stat ± 0.12syst. Although consistent within
errors, the spectral index seems to harden when the spa-
tial model gets larger. If real, this could be due to the
presence of high-energy photons located in the shell re-
gion that are taken into account by the TeV template but
not in the hypothesis of a point source. Spectral results
are summarized in Table 1.
As the GeV emission is at this time consistent with all
4three of the models tested, we cannot use the morphology
to say whether the GeV emission and HESS J1731−347
arise from a common source. However, we could ex-
plore the question further by deriving an SED using the
HESS J1731−347 template, under the assumption that
the two sources are connected. By doing so, we were able
to compare directly the GeV spectral points with the TeV
data. The hypothesis that the GeV emission is correctly
described by the H.E.S.S. template can be considered
since the likelihood was not significantly degraded when
using the H.E.S.S. template in comparison to the point
source or disk hypothesis. As shown in the upper panel
of Figure 2, the LAT data (blue points) match very well
the TeV data (green triangles), supporting our assump-
tion that the γ-ray excess detected by the LAT is the
GeV counterpart of HESS J1731−347.
We also studied the second TeV source found by
H.E.S.S. in this region, HESS J1729−345. We added
a gaussian source in the model (R.A. = 262.◦39, Dec.
= −34.◦54, σ = 0.14◦, H.E.S.S. Collaboration et al.
2011) and performed a new fit. As it resulted in a non-
detection (TS < 3), we derived a 95% C.L. upper limit
(1.30× 10−12 erg cm−2 s−1 between 1 GeV and 2 TeV).
This upper limit is a factor of two above the TeV data
and cannot constrain the origin of the γ-ray emission of
HESS J1729−345. However, it confirmed a turnover be-
tween the Fermi-LAT and H.E.S.S. data.
Finally, previous works brought our attention to the γ-
ray excess called S0. Observations conducted at 1.4 GHz
with ATCA and Parkes (McClure-Griffiths et al. 2005)
have revealed the presence of an H II cloud at the position
of S0 (see also Figure 5 in H.E.S.S. Collaboration et al.
2011). In addition to the detection of CO lines next to
HESS J1731−347, a recent paper investigated the pos-
sibility that CRs were diffusing from the SNR forward
shock to nearby molecular clouds and made predictions
regarding the γ-ray emission of an hypothetical cloud
called MC–core (see Figure 3 in Cui et al. 2016) located
at a very close position to S0. For those reasons, we
studied the spectrum of S0 in the GeV band and found
a spectral index of Γ = 2.50 ± 0.05stat and an energy
flux of (4.90 ± 1.28stat) × 10
−12 erg cm−2 s−1. If S0
corresponds to MC–core, this result does not support
Cui et al. (2016)’s models which predicted a hard index
at GeV energies. Since S0 could be another background
source and not related to MC–core, we added another
point source, at the same position. In this situation, no
significant signal was found in addition to S0 and the
derived upper limit (9.31× 1013 erg cm−2 s−1 between 1
GeV and 2 TeV) could not constrain the predicted mod-
els.
4.2. Discussion
The analysis presented in the previous section shows
that a significant γ-ray excess is found at the position of
HESS J1731−347 but its association with the SNR must
be discussed.
The hard index obtained in the GeV band (Γ ∼ 1.66)
and the good connection with the TeV data strongly
support the association between the TeV shell and the
GeV source. This spectral shape is what we would ex-
pect for a young shell-type remnant, as was found for
RX J1713.7−3946, RX J0852.0−4622 or RCW 86. This
result alone allows us to rule out several alternative ex-
planations for the origin of this γ-ray excess. Neverthe-
less, we considered other scenarios and tried to explain
why they are less likely than our interpretation.
According to the TS map computed above 1 GeV, the
emission seems to come from within the shell, where the
TeV flux is the lowest, and the spatial analysis revealed
that it is not significantly extended. However, the low
statistics (∼ 150 photons) could explain such an unex-
pected shape and with a few years of additional data an
extended shape might be observed. Besides, the likeli-
hood did not rule out a large extended source (e.g., a
uniform disk with a radius of 0.◦25 or the H.E.S.S. tem-
plate) in comparison to the point source hypothesis.
In X-rays, HESS J1731−347 was only partially cov-
ered (Tian et al. 2008, 2010) until a recent study of the
SNR with XMM-Newton based on observations of the
whole remnant (Doroshenko et al. 2017). The authors
reported a shape and a size compatible with H.E.S.S.
results but noted a suppression of the X-ray emission to-
wards the Galactic plane which could be explained by
a lower velocity of the shock due to its interaction with
a molecular cloud. Since our analysis was already com-
pleted at that time, we did not compare the LAT data
and the new X-ray morphology. In addition to the shell,
a compact source named XMMU J173203.3−344518 is
detected in X-rays at the geometrical center of the SNR
(Tian et al. 2010). It lies at ∼ 0.◦08 from the LAT
peak and is thought to be the central compact object
of HESS J1731−347 (Klochkov et al. 2015). But it is
unlikely that this X-ray source and the γ-ray emission
detected by the LAT are related because of this spatial
shift which is significant by ∼ 4σ according to the spa-
tial error from pointlike. Besides, Halpern & Gotthelf
(2010) studied this X-ray source as a candidate mag-
netar, a class of objects not known to be GeV or TeV
emitters. In addition, this point source is similar (lack
of infrared and optical counterparts, no pulsation, ther-
mal spectrum modeled as blackbody emission with tem-
perature of the order of 0.2 − 0.5 keV) to the CCOs
found in RX J1713.7−3946 (Cassam-Chena¨ı et al. 2004)
and RX J0852.0−4622 (Kargaltsev et al. 2002), where
the γ-ray emission stems from the shell and not from
the central source. Concerning pulsation, no search
could be performed at GeV energies as no ephemerides
are available (no pulsation were found in X-rays by
Halpern & Gotthelf 2010) and the small number of pho-
tons makes a blind search impossible.
We also considered the hypothesis that the LAT sig-
nal was due to molecular clouds but such clouds have
not been found at that position. The observations of
an H II region (Tian et al. 2010), as well as spectral
lines from CO (H.E.S.S. Collaboration et al. 2011) and
CS (Maxted et al. 2015), were reported near the posi-
tion of the background source S0 but nothing within the
shell.
Finally, an extragalactic origin can be reasonably ruled
out since no active galaxy nuclei (AGN) are known at this
position. Based on the Third Catalog of Hard Fermi-
LAT sources (The Fermi-LAT Collaboration 2017), the
surface density of blazars for a photon flux of 5 × 10−10
ph cm−2 s−1 in this energy range is ∼ 7 × 10−3 deg−2,
corresponding to a rather low probability (1.4× 10−3) to
get such a source on top of HESS J1731−347 assuming a
5TABLE 1
Summary of the results obtained between 1 GeV and 2 TeV for HESS J1731−347 and SN 1006.
Source Spatial Model R.A. (◦) Dec. (◦) Radius (◦) Spectral Index Energy Flux (erg cm−2 s−1) TS Ndof
HESS J1731−347
Point Source 262.92± 0.02 −34.77 ± 0.02 − 1.87± 0.12 (0.78 ± 0.31) × 10−11 25.2 4
Disk 262.97± 0.03 −34.79 ± 0.02 0.15± 0.04 1.71± 0.17 (1.61 ± 0.50) × 10−11 31.5 5
H.E.S.S. − − − 1.66± 0.16 (1.91 ± 0.63) × 10−11 25.1 2
SN 1006
Point Source 225.88± 0.04 −41.75 ± 0.02 − 1.55± 0.10 (5.56 ± 2.57) × 10−12 28.6 4
Disk 225.90± 0.04 −41.74 ± 0.03 0.10± 0.04 1.57± 0.11 (5.82 ± 2.60) × 10−12 31.0 5
H.E.S.S. − − − 1.79± 0.17 (6.99 ± 2.03) × 10−12 34.4 2
H.E.S.S. (NE) − − − 1.47± 0.26 (6.14 ± 2.53) × 10−12 28.3 2
H.E.S.S. (SW) − − − 2.60± 0.80 (0.88 ± 0.24) × 10−12 12.9 2
Note. — Parameters of the geometrical models were adjusted with pointlike while TS values and spectral indices were obtained using
gtlike. Only statistical errors are shown here.
0.5◦ diameter. We also investigated a potential variabil-
ity of the signal on a yearly basis but did not find any
obvious change in the flux.
The weakness of the signal detected prevents us
from strong conclusions about this GeV source but
we argue that its association with the shell-type SNR
HESS J1731−347 is the most probable scenario.
5. SN 1006
5.1. Results
The procedure described in Section 3 was followed to
study SN 1006. We first looked for new background
sources in a 10◦ square region and found three signifi-
cant excesses at some distance from the SOI. As shown
in the lower panel of Figure 1, the TS map revealed a
bright spot of γ-ray emission at the top of the northeast
(NE) limb of SN 1006, along with some diffuse emission.
Using pointlike for the spatial analysis, we tested the
point source and the uniform disk hypotheses and deter-
mined the best parameter values (see Table 1). Assuming
a uniform disk initially centered on the pixel of highest
TS value with Rinit = 0.
◦01, we measured an extension
of 0.◦10 ± 0.◦04 with TSext = 1.8 : SN 1006 is therefore
not detected by the LAT as an extended source. The po-
sitions of the point source and the disk are represented
in Figure 1 by the black cross and black circle respec-
tively. Since we know that SN 1006 is a large source, we
also measured the extension for an initial disk matching
the TeV shape (Rinit = 0.
◦25). In this case, we obtained
TSext = 7.7 and R = 0.
◦26 ± 0.◦03stat (the green dashed
circle in the lower panel of Figure 1). Although the exten-
sion is still not significantly detected, this result indicates
that we are only limited by the statistics and that the ex-
tension should be revealed with a few years of additional
data. Then we used gtlike to perform a spectral anal-
ysis between 1 GeV and 2 TeV to evaluate the spectral
index. For the point source, the uniform disk and the
H.E.S.S. template, we obtained Γ = 1.55, Γ = 1.57 and
Γ = 1.79 respectively, with errors of ±0.17stat ± 0.27syst.
When taking into account uncertainties, these results are
consistent with 1.9±0.3, published in Xing et al. (2016).
Spectral results are summarized in Table 1.
The four points of the SED were computed with the
H.E.S.S. template, for the reasons described in Sec-
tion 4.1 in the case of HESS J1731−347. The resulting
plot (lower panel of Figure 2) shows a good overlap be-
tween the GeV points and the TeV data. If one compares
the spectral points from this work with those published
in Xing et al. (2016), one may observe a disagreement
around 5 GeV. But one should note that the SED from
the previous work was computed under the assumption
of a point source. Our spectral points are also at the
level of the upper limits derived by Acero et al. (2015a).
Since SN 1006 is known to be a very symmetric
shell-type remnant, the apparent asymmetry in the γ-
ray emission detected by Fermi-LAT is quite intrigu-
ing. Therefore, we studied the NE and the SW limbs
of the remnant separately. To do so, the H.E.S.S. tem-
plate was divided into two parts and their spectral pa-
rameters fit independently. The division axis was de-
fined as the symmetry axis of the X-ray emission as seen
by XMM-Newton (see Figure 1 in Miceli et al. 2012).
The NE region was significantly detected (TS = 28.3,
Γ = 1.47 ± 0.26stat) but the SW region was not (TS =
12.9, Γ = 2.60± 0.80stat). Comparing the log-likelihood
obtained, we found an improvement of 10.5 when divid-
ing the H.E.S.S. template, corresponding to a TS value of
21.0 with two additional degrees of freedom (3.6σ). This
is a first indication of an asymmetry of the high-energy
γ-ray emission.
5.2. Discussion
The morphology of the emission detected by the LAT
is not as puzzling as for HESS J1731−347 and its asso-
ciation with SN 1006 is more easily demonstrated.
Even if the γ-ray emission detected by Fermi-LAT is
not found to be significantly extended when fitting a uni-
form disk, it is consistent with a large spatial model like
the H.E.S.S. template. Because of its high latitude (14◦
above the Galactic plane) this emission can hardly be
due to bad modeling of the Galactic diffuse emission. As
for HESS J1731−347, various hypotheses concerning the
origin of this signal were considered (e.g., an AGN, a
pulsar) but here again none of them were conclusive: no
such sources were found at these coordinates and no flux
variability was observed. Thus, from the point of view
of the position, an association between the GeV signal
and SN 1006 is reasonable. When we consider the mea-
sured spectrum, any explanation other than the SNR
hypothesis seems very unlikely. Indeed, as presented in
Section 5.1, the bright peak exhibits a hard spectrum
(Γ ∼ 1.5 when fit as a point source and ∼ 1.8 when fit
with the H.E.S.S. template) corresponding to the typical
hard spectral shape of a γ-ray emission dominated by the
inverse Compton component, a scenario observed for sev-
eral young SNRs, e.g., RCW 86 and RX J1713.7−3946
with a photon index of 1.42 (Ajello et al. 2016) and 1.53
6(Federici et al. 2015) respectively.
If this emission is the GeV counterpart of SN 1006, the
LAT data show an asymmetry between the NE and the
SW limbs, only the former being detected. The likelihood
favors separate fits for the two limbs by 3.6σ whereas
the X-ray and TeV morphologies are rather symmetri-
cal. The insignificant detection of the SW region sug-
gests a fainter IC emission in this part of the remnant
than in the NE part, although it is hard to explain since
the ambient photon fields are identical and the shock
velocity is ∼ 5000 km−1 in both regions (Winkler et al.
2014). But another point should be discussed : the spec-
tral difference between the NE and the SW region while
there is not any spectral difference in the TeV energies.
This result should be considered in the context of two
previous works: Dubner et al. (2002) revealed the pres-
ence of a dense H I cloud matching the morphology of
the southwestern rim of SN 1006 and Miceli et al. (2014)
found evidence of interaction between this H I cloud and
the shock of SN 1006. Thus, the SW region of SN 1006
shows evidence of efficient particle acceleration (magnetic
field lines perpendicular to the shock front) as well as
an interaction between the shock and a dense medium
: γ-rays of hadronic origin are expected here. For this
reason, the somewhat softer spectrum of the faint signal
coming from the SW part of the remnant (if confirmed)
could be a hint in this direction. Miceli et al. (2016) pre-
dicted two hadronic components, one from the shocked
cloud and one from the shocked interstellar medium, the
latter being too faint to be detectable. The hadronic
component related to the cloud is characterized by a low
cutoff (∼ 3 TeV) and drops drastically above 100 GeV.
Thus, the presence of this component should not affect
the very-high energy γ-ray emission which remains dom-
inated by the IC component. This interpretation relies
on the assumption of a spectral difference between the
NE and the SW region. The large uncertainties on ΓSW
make this difference not significant and more data are
crucially needed to shed light on this point. Finally, the
presence or not of a hadronic component does not ex-
plain why the SW region is fainter than the NE region in
the GeV band. This could mean that the IC emission is
dimmer in this energy band, for instance due to a harder
electron population in the SW region where part of the
shock is interacting with a cloud. Again, more data is
needed to confirm this effect.
Since the new spectral points for the whole remnant are
very close to the upper limits from Acero et al. (2015a),
our modeling is consistent with the one shown in the up-
per panel of Figure 6 in Miceli et al. (2016) ; we confirm
that a total hadronic energy of 5 × 1049 erg is conceiv-
able to explain the HE γ-ray emission in the SW region
of SN 1006.
6. CONCLUSION
In this work, we have studied the shell-type SNRs
HESS J1731−347 and SN 1006 in the GeV band. Ana-
lyzing eight years of LAT Pass 8 data in the energy range
1 GeV − 2 TeV, we found significant γ-ray excesses at
the positions of both sources. The spectral study us-
ing templates derived from the H.E.S.S. excess maps re-
vealed a photon index of Γ = 1.66 ± 0.16stat ± 0.12syst
for HESS J1731−347 and Γ = 1.79 ± 0.17stat ± 0.27syst
for SN 1006, both in agreement with previous works
(Acero et al. 2015a; Xing et al. 2016). Although a de-
tection of these two sources with Fermi-LAT was not
expected without several more years of data, as argued
in Acero et al. (2015a)’s conclusion, the improved effi-
ciency of the Pass 8 data combined with an energy range
extended to higher energy made it feasible.
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Fig. 3.— Leptonic modeling for the five TeV shell-type remnants:
RCW 86 (Red), RX J1713.7−3946 (Black), RX J0852.0−4622
(Blue), HESS J1731−347 (Green) and SN 1006 (Purple). Spectral
points in the GeV and TeV bands are shown for HESS J1731−347
and SN 1006. For the references of each modeling, see Acero et al.
(2015a) from which the original version of this figure is extracted.
In Figure 3, we reproduce Figure 3 from Acero et al.
(2015a) and overlay HESS J1731−347 and SN 1006
spectral points in the GeV–TeV band. We can see
that the new spectra are in good agreement with the
models. Overall, the hard spectra of these SNRs suggest
a common scenario in which the bulk of the γ-ray
emission is produced by inverse Compton scattering of
high energy electrons. The γ-ray emission is likely to
be leptonic dominated. However, this does not rule out
efficient hadron acceleration in these TeV shells and the
spectral asymmetry visible in SN 1006 might be a first
evidence in this respect.
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